Mild cognitive impairment (MCI) represents a cognitive state intermediate between normal aging and early Alzheimer Disease (AD). To investigate if the molecular signature of MCI parallels the clinical picture, we use microarrays to extensively profile gene expression in 4 cortical brain regions (entorhinal cortex, hippocampus, superior frontal gyrus, post-central gyrus) using postmortem tissue from cognitively normal aged controls, MCI, and AD cases. Our data reveal that gene expression patterns in MCI are not an extension of aging, and for the most part, are not intermediate between aged controls and AD. Functional enrichment analysis of significant genes revealed prominent upregulation in MCI brains of genes associated with anabolic and biosynthetic pathways (notably transcription, protein biosynthesis, protein trafficking and turnover) as well as mitochondrial energy generation. In addition, many synaptic genes showed altered expression in MCI, predominantly upregulation, including genes for central components of the vesicle fusion machinery at the synapse, synaptic vesicle trafficking, neurotransmitter receptors, and synaptic structure and stabilization. These data suggest that there is a rebalancing of synaptic transmission in the MCI brain. To investigate if synaptic gene expression levels in MCI were related to cognitive function, Pearson's correlation coefficient between MMSE and region-specific mRNA Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
INTRODUCTION
Mild cognitive impairment (MCI) is characterized as a state of cognitive function intermediate between normal aging and the criteria for dementia, most commonly Alzheimer's disease (AD), and is thought to represent a transitional condition between aging and dementia (Morris, 2012 ,Petersen, 2011 . While much is known about the clinical and neuropathological profiles of MCI (Markesbery, 2010 ,Mufson, et al., 2012 ,Storandt, et al., 2006 , no studies have extensively characterized the molecular state of the MCI brain at the gene expression level. It is possible that the gene expression signature of MCI parallels the clinical picture, with gene expression levels intermediate between the profiles characterizing non-demented aged and AD brains. Alternatively, MCI gene expression patterns may represent a unique molecular state that does not follow a continuum of change between aged and AD profiles. Thus, this study uses microarrays and bioinformatics analyses to address three main questions: (1) are gene expression patterns in MCI intermediate between aged and AD molecular profiles, similar to the clinical picture? (2) What functional gene categories are primarily affected in MCI? (3) What is the response of genes regulating core cellular processes of neuronal function in MCI, specifically synaptic signaling, energy production and protein homeostasis?
Microarray studies suggest that the integrity of these core processes (synaptic signaling, energy production and protein homeostasis) declines in the brain with aging (particularly after the 6th-7th decades of life) (Berchtold, et al., 2008 ,Lu, et al., 2004 and further degrades in AD (Berchtold, et al., 2013 ,Blalock, et al., 2004 ,Liang, et al., 2008 ,J.A. Miller, et al., 2008 ,Tan, et al., 2010 , contributing to the spiraling decline in cognitive function, plasticity, and brain health (Blalock, et al., 2004 ,Gibson, et al., 2010 ,Ginsberg, et al., 2010 ,Liang, et al., 2008 ,Lynn, et al., 2010 ,Mattson, et al., 2008 ,Muller, et al., 2010 ,Nixon and Yang, 2012 ,Selkoe, 2002 . While these classes of genes are well established to show decreased expression in moderate-severe AD, there is conflicting evidence on the direction of expression changes in the early stages of AD, and uncertainty regarding regional differences in response patterns. For example, incipient AD has been associated with downregulation in the hippocampus of these gene classes (Blalock, et al., 2004) , while another report indicates increased expression in the prefrontal cortex in very early (presymptomatic) stages of AD (Bossers, et al., 2010) .
In this study, we use microarrays to comprehensively profile gene expression patterns in MCI, aged control, and AD cases. Microarray technology in combination with bioinformatics analytical software constitutes a powerful strategy for gaining insight into the pathways, processes, and functional endpoints that impact brain health and that underlie cognitive decline with neurodegeneration. Thus, to obtain a global perspective on brain changes in MCI and how these changes relate to normal aged and AD brains, we investigated gene expression patterns in 4 brain regions, 3 of which are vulnerable to accumulation of pathology in AD (neocortical superior frontal gyrus (SFG), hippocampus (HC), entorhinal cortex (EC)), and a 4th region (neocortical post-central gyrus (PCG)) that is relatively spared.
MATERIALS AND METHODS
Tissue was obtained from 6 well-established National Institute on Aging Alzheimer's Disease brain banks located at Sun Health Research Institute, UC Irvine, University of Rochester, Johns Hopkins University, University of Pennsylvania, and the University of Southern California. Unfixed frozen tissue from 4 brain regions (EC, HC, SFG, PCG) from MCI cases (n=16), AD cases (n=25) and age-matched non-demented controls (n=24), was processed, as described previously (Berchtold, et al., 2013 ,Berchtold, et al., 2008 ,Cribbs, et al., 2012 (Table 1, Supplemental Table 1 ). Of the MCI cases, 12 were run on microarrays, and an additional 4 samples were obtained to expand PCR validation. Average MMSE across groups was as follows: aged controls (29 ± 1.56), MCI (26.5 ± 2.47), AD (11.9 ± 9.02). Average post-mortem intervals for the aged control, MCI, and AD groups were as follows, respectively: 3.8 ± 1.7 hrs., 5.6 ± 4.9 hrs., 4.4 ± 2.9 hrs. Tangle pathology of aged controls and MCI cases was distributed across Braak 0-IV, with no Braak V-VI. AD cases were predominantly Braak V-VI (n=15), with some Braak stage III-IV (n=10), and 1 case at Braak stage II. RNA was extracted from approximately 50-100 mg tissue, and RNA integrity number (RIN) was assessed using the Agilent Bioanalyzer. Detailed case information and RIN number for tissue samples run on microarrays can be found in Supplemental Table 1 . 179 samples were processed individually on Affymetrix (HgU133 plus 2.0) microarrays (Table 1) . Microarray data were analyzed with GeneSpring 7.3 software (Agilent Technologies) and GC-Robust Multi-array average (GC-RMA) summarized expression values. Hierarchical cluster analysis (Pearson correlation and average linkage) was used to visualize the relationship between aged, MCI, and AD cases.
Differential gene expression analysis (p<0.01) was followed by data-mining using bioinformatics software to identify Gene Ontology functional categories that were significantly over-represented. Comprehensive lists were generated for in-depth analysis of genes related to protein metabolism (2,075 probesets related to protein biosynthesis, folding, trafficking, turnover), mitochondrial bioenergetics (142 probesets coding for mitochondrial electron transport chain subunits and translocases of the inner and outer mitochondrial membranes), and synaptic function (561 probesets). The relationship between gene expression and MMSE was evaluated in MCI cases with Pearson correlations and a statistical threshold of p<0.05 using Excel. Quantitative real time PCR (RT-PCR) was used to validate microarray results for a subset of synaptic and mitochondrial electron transport genes in the SFG, across aged controls, MCI, and AD groups (Supplemental Figure 1) . Microarray data is available at the Gene Expression Omnibus (GEO) website (http:// www.ncbi.nlm.nih.gov/geo), accession number GSE11882. For detailed methods, see the online Supplemental material.
RESULTS
MCI cases cluster separately from aged and AD cases in all brain regions 1 way ANOVA (p<.01) across the 3 groups (aged control, MCI, AD) was first applied to the 33,021 reliably detectable probeset list independently for each region to generate a regionspecific significant gene set. Next, the relationship between aged, MCI, and AD cases in each region was visualized using hierarchical cluster analysis by region of the regionspecific significant gene sets. In each brain region, MCI cases were closely clustered, constituting a unique branch of the hierarchical tree that was distinctly separate from both aged and AD samples (Figure 1) . Overall, these data demonstrate in multiple brain regions that gene expression patterns in MCI are relatively similar across MCI cases -showing surprising uniformity across 11 of the 12 MCI cases -and are unique from the expression profiles of age-matched non-demented controls and AD cases.
MCI is more differentiated from AD than from age-matched controls
To identify the extent to which genes are differentially expressed in MCI, and to examine region-specific patterns of change, gene expression was compared in MCI relative to aged non-demented control or AD cases in each of the 4 brain regions (t-tests, p<0.01). In all brain regions examined, gene expression patterns in MCI bear more similarity to agematched controls than to AD.
In MCI relative to age-matched controls, there were 2,600-5,800 significant probesets depending on brain region (Supplemental Table 3 ) with the greatest differences in the neocortical regions (SFG>PCG) and more modest differences in limbic regions (EC>HC). Numbers of upregulated vs. downregulated genes were relatively balanced in all brain regions. Far more extensive differences in gene expression emerged in the comparison of MCI with AD, with the greatest number of differentially expressed genes apparent in the HC, followed by the PCG, SFG and EC. The majority of genes were upregulated in MCI relative to AD.
While it may be predicted that gene expression patterns in MCI would be intermediate between the profiles of non-demented aged and AD brains, we found that genes differentially expressed in MCI followed the general pattern of expression change of a pyramid or inverted pyramid across aged controls-MCI-AD (Figure 2 ). These data reveal that gene expression patterns in MCI represent a unique molecular state that does not follow a continuum of change between aged and AD profiles.
GO classification reveals upregulation of anabolic/metabolic and energy generation pathways in MCI relative to age-matched controls and AD
We next used GO classification to identify enriched functional gene classes among the genes significantly upregulated or downregulated in MCI (Supplemental tables 4A-D). Overall, MCI was associated with widespread upregulation of genes associated with biosynthetic and energy production, specifically genes related to protein biosynthesis, turnover and trafficking, mitochondrial energy generation, and, to a lesser degree, synaptic signaling and structure. Changes in these gene classes are described in detail below.
Protein-related function (biosynthesis, trafficking/localization, turnover) is upregulated in MCI
A comprehensive list of probesets related to protein metabolism (2075 probesets) was next analyzed for in depth analysis of gene expression responses in MCI and AD, in each brain region, using p<0.01. GO categories related to protein function consisted of genes that could be broadly categorized into protein biosynthesis, protein trafficking and localization, and protein turnover. The analysis revealed that many aspects of protein biosynthesis and intracellular trafficking are upregulated in the MCI brain relative to age-matched controls and AD, with protein trafficking and localization most extensively affected.
Specific genes related to protein biosynthesis that were significantly different in MCI vs. aged-controls or AD included upregulation of numerous translation initiation factors, ribosomal proteins, and tRNA synthetases (Supplemental Table 5 ). Few significant genes related to biosynthesis were downregulated in MCI relative to aged controls and AD, and were restricted to a subset of genes involved in translation. Similarly, many genes related to protein trafficking and localization were significantly different in MCI vs. aged-controls or AD, predominantly with upregulation of genes important for endocytosis, vesicle formation, endosomal sorting/signaling and exocytosis (Supplemental Table 6 ). For example, clathrin, several adaptor related protein complexes involved in vesicle formation, sorting nexins, vacuolar protein sorting molecules, multiple RABs and exocyst/Sec genes were upregulated in MCI. Similarly, in the category related to protein turnover (Supplemental Table 7 ), several genes are significantly different in MCI vs. aged-controls or AD, mainly with upregulation of autophagy related proteins, proteosome subunits, and numerous ubiquitin-related enzymes.
Mitochondrial electron transport chain genes are upregulated in MCI
GO enrichment analysis also revealed that many genes related to mitochondrial function are upregulated in the MCI brain, particularly in the EC and cortical regions (Supplemental Table 8 ). We next undertook a comprehensive analysis of expression changes in each brain region of genes related to mitochondrial function, based on 142 probesets for electron transport chain subunits and translocases of the inner and outer mitochondrial membranes (p<0.01). Our analysis revealed that MCI was associated with upregulated expression of oxidative phosphorylation genes in each of the 4 brain regions assessed, relative to age-matched controls ( Figure 3A) . In contrast, this class of genes was notably downregulated in AD ( Figure 3B ), and the extent to which genes are differentially expressed in MCI vs. AD is shown in Figure 3C . The extent to which different mitochondrial complexes are affected is illustrated in Figure 4 . Validation of expression differences between controls, MCI, and AD was undertaken with qPCR for a subset of genes related to mitochondrial function, with RT-PCR data consistent with the microarray findings (Supplemental Figure 1) . Overall, these data indicate that the MCI brain undergoes dramatic upregulation of energy metabolism genes, in contrast to the transcriptional downregulation associated with AD.
Synaptic genes are upregulated in MCI
We next examined synaptic gene responses in each brain region in MCI, using a comprehensive list of 340 synapse-related genes (p<0.01). Consistent with the pattern observed for protein biosynthesis and energy metabolism, the majority of synaptic genes that were significantly different in MCI relative to age-matched controls were upregulated in MCI, particularly in the HC, SFG, and PCG ( Figure 3D ). In contrast, synaptic genes were notably downregulated in AD ( Figure 3E ). The percentage of synapse-related genes showing significantly different expression in MCI was even more pronounced when expression levels were compared to AD ( Figure 3F ) with differentially expressed genes predominantly upregulated in MCI. Multiple aspects of synaptic function were represented, including the synaptic vesicle trafficking and neurotransmitter release machinery, neurotransmitter receptors, and synaptic structure and stabilization, as discussed in detail below. Assessment of gene expression for a subset of synaptic genes was undertaken using with RT-PCR, with qRT-PCR data consistent with the microarray findings (Supplemental Figure 1 ).
Synaptic vesicle trafficking and release-Many genes related to synaptic vesicle trafficking and release showed significantly altered expression in MCI, with the majority upregulated (Supplemental Table 9 ). For example, these included upregulation of several members of the soluble NSF attachment protein receptor (SNARE) family, a family of genes that is intimately involved in the membrane fusion machinery controlling neurotransmitter release into the synapse. Few genes related to synaptic vesicle trafficking and release showed decreased expression in MCI. Nearly all of the genes showing significantly altered expression in MCI vs. age-matched controls were similarly significantly altered when comparing MCI vs. AD. The increased expression of genes related to the presynaptic vesicle trafficking and release machinery suggests the possibility that there is increased neurotransmitter release in various regions of the MCI brain.
Neurotransmitter receptor-related-Similarly, many genes related to neurotransmitter receptors and neurotransmitter receptor trafficking showed significantly altered expression in MCI, predominantly upregulated (Supplemental Table 10 ). Upregulated neurotransmitter receptor genes included several glutamate receptor subtypes, multiple GABAA-associated genes and serotonin receptors, genes involved in glutamate receptor trafficking, and glutamate recycling. Downregulated neurotransmitter receptor genes included several cholinergic receptor subtypes (muscarinic, nicotinic), glutamate receptors, GABA-A subtypes, and the dopamine D2 receptor. Glutamate and GABA neurotransmitter systems were most extensively altered in MCI, with specific receptor subtypes that serve different functions being differentially up or downregulated. For example, while the glutamate receptor subtype NMDA2a was upregulated the NMDA2b and 2c subtypes were downregulated in MCI. Overall, these data suggest that there is a rebalancing of synaptic transmission and a reset of the excitatory/inhibitory balance that modulates synaptic plasticity show altered expression in MCI.
Synaptic structure and stabilization-Similar to neurotransmitter receptor and synaptic vesicle trafficking genes, most significant genes involved in synaptic structure and stabilization showed increased expression in MCI vs. aged matched controls (Supplemental Table 11 ). Examples of upregulated genes include several neuroligins, neurexins, and integrins, along with NCAM, EPH receptor B2, cofilin, spectrin, and protocadherins. Interestingly, different subunits in these same gene families were downregulated, including integrins, protocadherins, and EPH receptors, suggesting that the subunit availability of many gene families is altered in MCI. Overall, the increased expression of genes involved in multiple aspects of synaptic function suggests the potential for enhanced synaptic transmission and plasticity in the MCI brain.
Cognitive function correlates with synaptic gene expression in MCI, especially in the EC
Finally, to investigate if synaptic gene changes in MCI were related to cognitive function, Pearson's correlation coefficient between MMSE and region-specific mRNA expression were computed for all synaptic genes. A number of synaptic genes showed strong significant correlations (r>0.8, p<0.01) between mRNA level and MMSE scores. Notably, the majority of the significant correlations with MMSE were with gene expression in the EC, with fewer significant correlations with HC mRNA expression, and very few with neocortical gene expression (Supplemental Table 3 ). The set of synaptic genes with highly significant correlations were predominantly related to synaptic transmission and plasticity, actin dynamics, adhesion molecules, and myelin composition, with both positive and negative correlations often observed within the same general functional category.
Next, to determine if any concepts emerged from the correlation data, we catalogued the functional output effect of the genes showing significant correlations to cognition, taking into consideration the direction of the correlation. While at first glance the presence of both positive and negative correlations between gene expression and MMSE seemed conflicting, comprehensive analysis of gene function revealed several consistent functional themes, with a major theme centering around synaptic excitability and plasticity. Specifically, of genes showing significant correlations with MMSE, gene changes that facilitate synaptic excitability/plasticity were overwhelmingly associated with poorer MMSE. For example, strong negative correlations between gene expression and MMSE were found for glutamate receptors that enhance plasticity (GluR3 (r = −0.89, EC) ( Figure 5A )), NR2b (r = −0.93, HC) ( Figure 5B) ), as well as SNAP-25 (r = −0.81, EC) ( Figure 5C ) --an essential SNARE component involved in synaptic vesicle exocytosis, and neural cell adhesion molecule (NCAM1, r= −0.87, EC) ( Figure 5D ), an adhesion molecule that facilitates AMPA receptor delivery to the synapse (Dityatev, et al., 2000 ,Doherty, et al., 1995 . In addition, strong negative correlations between mRNA and MMSE were found for two ephrin receptors that enhance plasticity: ephrin A4 (EPHA4: r= −0.85, EC) ( Figure 5E ) which is expressed on spines and shapes spine morphology/excitability (Tremblay, et al., 2007,Yamaguchi and Pasquale, 2004) , and Ephrin B2 (EFNB2) which facilitates NMDA signaling (Nolt, et al., 2011) . Notably, EFNB2 showed a strong negative correlation with MMSE in both the EC (r= −0.9)( Figure 5F ) and HC (r= −0.88). Conversely, gene changes that inhibit plasticity were positively associated with MMSE. These include SNAP29 (r= + 0.82, EC) ( Figure 5G ) which inhibits SNARE disassembly and post-fusion SNARE recycling, and syntaxin binding protein 6/amysin (STXBP6) ( Figure 5H ) which negatively regulates vesicle exocytosis. STXBP6 showed a strong positive correlation with MMSE in both the EC (r= +0.84) and the HC (r= + 0.88). Taken together, these data suggest that there is excessive excitability and apparent plasticity in limbic regions of the brain in MCI, which is associated with poorer cognitive function.
A second theme that emerged from the correlation data was that EC expression of several abundant myelin-related genes showed a strong positive relationship with MMSE. These include myelin basic protein (MBP; r=+.87) ( Figure 6A ), proteolipid protein 1 (PLP1: r= +0.80, EC) ( Figure 6B ) and multiple probesets for 2′3′-cyclic nucleotide 3′ phosphodiesterase (CNP; r=0.84, r=0.92) ( Figure 6C ), an abundant CNS myelin protein involved in the very rapid growth of myelin membrane during early membrane biogenesis (Sprinkle, 1989) ), and multiple probesets for myelin oligodendrocyte glycoprotein (MOG) (r=+0.91, r= +0.89, r=+0.87, r= +0.82) ( Figure 6D ), one of a family of myelin associated inhibitors (MAIs). Interestingly, recent literature reveals that MAIs potently limit activity and experience-dependent plasticity in the intact, adult CNS (Akbik, et al., 2012,Cafferty and Strittmatter, 2006) . This is interesting because the strong positive correlations found in the EC between MOG expression and MMSE indicate that factors that inhibit activitydependent plasticity in the EC are associated with better cognitive function in MCI, supporting our theme that poorer cognitive function in MCI are related to excessive excitability and plasticity in the EC.
A third theme emerging from the correlation data reflects altered GABA function in the limbic region in MCI. Specifically, several genes involved in GABA signaling showed strong relationships with MMSE, such as synapsin II (SYN2: r= −0.90, HC) ( Figure 7A ) which promotes GABA asynchronous release, and several GABA receptor subtypes including (GABARR1; r= +0.94, HC), GABA receptor beta 1 (GABARB1: r= −0.90, EC) ( Figure 7B ) and GABA receptor beta 3 (GABARB3: r= −0.83, EC) ( Figure 7C ). In the EC, these relationships suggest that decreased GABAergic signaling is beneficial to cognitive function, again suggestive of altered excitability and plasticity in MCI. However, to evaluate if the relationship of GABAergic gene expression with MMSE indeed reflects a change in excitability, it will first be necessary to determine which types of neurons express these receptor subtypes (e.g. GABA or Glutamatergic), and ultimately assess the functional effects of specific receptor manipulations on limbic excitability, plasticity, and cognition, using animal models.
Finally, there were a number of additional genes with strong correlations to MMSE in MCI cases. These included modulatory neurotransmitter receptors (dopaminergic D5 receptor (DRD5: r= −0.87, HC) (Supplemental Figure 2A) , several cell adhesion molecules (contactin-associated proteins, neurexin 1, integrin alpha 2, cell adhesion molecule 1 (CADM1: r = −0.94, HC) (Supplemental Figure 2B) , and genes regulating actin and cytoskeleton dynamics (gelsolin, cofilin 2 (CFL2: r= +0.88, EC) (Supplemental Figure 2C ), (S100B: r= −0.81, EC) (Supplemental Figure 2D) , in addition to bridging integrator 1/ amphiphysin 2 (BIN1: r= +0.89, EC) (Supplemental Figure 2E) , recently been identified as the most important risk locus for late onset Alzheimer's disease after apolipoprotein E (Bertram, et al., 2007 ,Tan, et al., 2013 .
DISCUSSION
Because MCI represents a clinical transition state between aging and dementia, we investigated the hypothesis that gene expression patterns in the MCI brain might show a profile intermediate between the molecular profiles of normal aged controls and AD. This analysis revealed that the gene expression profiles of MCI cases clustered closely together in each brain region, forming a unique branch of the hierarchical tree that was distinctly separate from both aged and AD samples. That is, expression patterns in MCI are unique from those seen in age-matched controls and AD but are relatively similar across MCI cases, showing surprising uniformity across 11 of the 12 MCI cases.
Microarray analysis revealed extensive gene expression differences in all brain regions in MCI relative to both age-matched controls and AD. Relative to age matched controls the greatest differences in MCI were observed in the neocortical regions (SFG>PCG) with more modest differences in limbic regions (EC>HC). Many of the same genes that differentiated MCI from non-demented controls also differentiated MCI from AD, thus following the expression pattern across aged controls-MCI-AD schematized in Figure 2 . For examplẽ 75% of genes upregulated in MCI vs. age-matched controls also showed significant upregulation in MCI when compared to AD. Expression patterns of genes related to mitochondrial bioenergetics, protein homeostasis, and synaptic function were predominantly upregulated in MCI, in stark contrast to the extensive downregulation that occurs in aging, particularly after the 6th-7th decades of life (Berchtold, et al., 2013 ,Lu, et al., 2004 . Taken together, these results demonstrate that gene expression patterns in MCI are not an extension of aging, and for the most part, are not intermediate between aged controls and AD.
Functional enrichment analysis revealed that genes upregulated in MCI were prominently enriched in categories related to anabolic/metabolic function and mitochondrial energy generation pathways, while downregulated genes did not tend to show notable GO category enrichment. Upregulated categories were predominantly related to transcription, protein biosynthesis, protein trafficking and localization, and protein turnover, revealing that many aspects of protein homeostasis are upregulated in the MCI brain. These data demonstrate that the MCI brain undergoes a generalized effort to bolster protein synthesis and intracellular trafficking. In parallel, many genes related to mitochondrial energy generation were upregulated. The upregulation of genes for energy generation is consistent with the increased anabolic/metabolic effort, as increased energy production would be necessary to support an increased demand for protein synthesis and trafficking throughout the cell. The largest responses were observed in the EC and neocortical regions (with 75-85% of significant genes upregulated), with fewer changes in these gene categories apparent in the HC, relative to age-matched controls.
In addition to widespread responses of genes related to protein homeostasis and energy production, many genes important in synaptic function showed altered expression in MCI, predominantly upregulation in the HC and neocortical regions. These included several essential members of the SNARE complex (involved in membrane fusion events controlling neurotransmitter release) as well as many classes of neurotransmitter receptors that modulate synaptic plasticity, set the excitatory-inhibitory balance and support synaptic structure and stabilization. Taken together, increased expression of genes involved in multiple aspects of synaptic function suggests the potential for enhanced synaptic transmission and plasticity in the MCI brain. While these endpoints have traditionally been considered to be beneficial for cognitive function, we propose that these changes likely lead to dysfunctional plasticity and networks. For example, the extensive synaptic gene upregulation likely results in a higher baseline expression that impairs gene-mediated plasticity and encoding, leading to an inability to register new information.
To examine potential relationships between gene expression and cognitive function in MCI, we next analyzed Pearson correlations between mRNA levels and MMSE in MCI cases. Expression of a number of synaptic genes showed strong correlations with MMSE, with EC gene expression showing the most extensive relationship to cognitive function. The extent to which gene expression correlated with MMSE was less evident in the HC, and was absent in the neocortical regions. Comprehensive analysis of the functional effect of the significant genes, taking into consideration the direction of the correlations, revealed several consistent functional themes, with a major theme centering on synaptic excitability and plasticity. For example, of genes showing significant correlations with MMSE, gene changes that facilitate synaptic excitability and plasticity were overwhelmingly associated with poorer MMSE. Conversely, gene changes that inhibit plasticity were positively associated with MMSE. These data suggest that there is excessive excitability and apparent plasticity in limbic brain regions in MCI, which lead to impaired synaptic and cognitive function.
In parallel, we also found that several abundant myelin-related genes showed strong positive relationships with MMSE in MCI cases, suggesting that myelogenic events that promote myelin biogenesis and stability help preserve cognitive function in MCI. Interestingly, one of the myelin genes, myelin oligodendrocyte glycoprotein (MOG), belongs to a family of myelin associated inhibitors that modulate cytoskeletal rearrangements that stabilize synaptic ultrastructure (Lee, et al., 2008 ,Zagrebelsky, et al., 2010 , and potently limit activity and experience-dependent plasticity in the intact, adult CNS (Akbik, et al., 2012,Cafferty and Strittmatter, 2006) . The strong positive correlations found in the EC between MOG gene expression and MMSE provides further support for our developing hypothesis that factors that inhibit activity-dependent plasticity in MCI, at least in the EC, are associated with better cognitive function. These data contribute to the accumulating evidence of white matter changes in MCI, supporting the emerging idea that a myelinrelated dysfunction may contribute to MCI and onset of AD, particularly in tracts that connect gray matter structures associated with memory function (Carmeli, et al., 2013 ,Gold, et al., 2012a ,Gold, et al., 2012b . Importantly, of the 4 regions assessed, the correlation of cognition with gene expression was especially strong in the EC. As a critical gateway for cortical information to and from the HC, the EC plays a key role in normal cognitive function, particularly memory formation and retrieval (Scharfman and Chao, 2013) . EC dysfunction is thought to play a prominent and early role in cognitive decline in AD, as accumulation of pathology and neuronal degeneration in this brain region is one of the earliest changes on the pathway to AD. An emerging theme in the literature suggests that neuronal dysfunction and degeneration in the EC drives HC dysfunction and degeneration in AD, in part through loss of neurotrophic support along with other mechanisms (Scharfman and Chao, 2013) . Our finding that in MCI, cognition correlated strongly with EC synaptic gene expression is consistent with a critical role of EC synaptic function in cognition, and supports the idea that EC synaptic dysfunction occurs early in the course of cognitive decline in MCI.
Overall, our microarray analysis revealed in multiple brain regions that MCI is associated with widespread upregulation of genes associated with biosynthetic and energy production, specifically genes related to protein biosynthesis, turnover and trafficking, mitochondrial energy generation, and, to a lesser degree, synaptic signaling and structure. In addition, the correlation data suggest that there is excessive excitability and apparent plasticity in limbic brain regions in MCI, particularly in the EC. These data are consistent with numerous imaging studies suggesting that very early stages of cognitive decline are associated with increased synaptic activity and plasticity. For example, functional magnetic resonance imaging (fMRI) studies have identified a state of hyperexcitability in the hippocampus and medial temporal lobe network in early to mild MCI (Bakker, et al., 2012 ,Dickerson, et al., 2005 ,Hamalainen, et al., 2007 ,Putcha, et al., 2011 ,Vannini, et al., 2007 ,Yassa, et al., 2010 , in mildly impaired, amyloid positive older adults (Sperling, et al., 2009 ), low-performing clinically normal controls (S.L. Miller, et al., 2008a) and even in cognitively normal controls at genetic risk for AD (Bassett, et al., 2006 ,Yassa, et al., 2008 . Further, a longitudinal fMRI study where MCI subjects were followed over approximately 6 years revealed that greater HC activation in MCI predicted a greater degree and rate of subsequent cognitive decline (S.L. Miller, et al., 2008b) . This hyperactivation in MCI/early stage AD has been suggested to reflect a failure of deactivation (Bejanin, et al., 2012 ,Celone, et al., 2006 , which may be determined in part by the alterations that we observed in MCI in activity of synaptic genes that set the excitatory-inhibitory balance.
Extensive discussion has focused on whether the limbic hyperactivation in MCI/incipient AD is beneficial or represents a dysfunctional state. Our data suggest that excessive excitability and apparent plasticity in limbic brain regions in MCI is associated with poorer cognitive function, consistent with the emerging idea that greater limbic activation in MCI is a dysfunctional condition. Building on the literature, a recent study in amnestic MCI patients demonstrated that cognition is improved when hippocampal hyperactivity is reduced with the antiepileptic agent leviracetam, (Bakker, et al., 2012) . It is likely that the hyperexcitable "noisy" networks in the MCI increase the risk for excitotoxicity, oxidative damage, and impending metabolic burnout (Cohen, et al., 2009 ,Sperling, et al., 2010 . Increased metabolism, altered excitatory/inhibitory balance, and augmented synaptic machinery in the MCI brain may all contribute to increased excitability, with increased excitability in turn leading to greater metabolic demand, and ultimately progressive degeneration and AD, if not controlled.
Our microarray data are also consistent with the growing evidence that there is a non-linear trajectory of change in the brain in the transition from the cognitively normal condition to MCI and AD, and even across the continuum of impairment within the spectrum of MCI. For example, a recent fMRI study revealed that when MCI patients are stratified by degree of impairment, only the less-impaired MCI patients showed hyperactivation in the HC relative to controls, whereas more impaired MCI subjects demonstrated significant hypoactivation (Celone, et al., 2006) . Similarly, PET assessment of fluorodeoxyglucose (FDG) metabolism of the basal forebrain in MCI revealed an inverted U-relationship with MMSE, in that neuronal activity initially increased, then decreased with further cognitive decline (Kim, et al., 2012) . These studies suggest that hyperexcitability is present in multiple brain regions in MCI and is associated with very early stages of cognitive impairment, and that hypoactivation ensues as cognitive impairment progresses to AD. Supporting the imaging data, anatomical and molecular analysis also reveals a non-linear trajectory of change in the brain with the transition from the cognitively normal condition to MCI and AD. For example, the human literature has reported elevated glutamatergic presynaptic bouton density in the midfrontal cortex in MCI (Bell, et al., 2007) , increases in drebrin (a synaptic protein that regulates spine morphogenesis and receptor density on spines) in the superior frontal cortex in incipient AD (Counts, et al., 2006) , and a biphasic synaptic protein response across Braak staging in the isocortex, with levels of synaptophysin, syntaxin, SNAP25, alpha synuclein, and MAP2 increasing in Braak stages III-IV, and subsequently declining in later Braak stages (Mukaetova-Ladinska, et al., 2000) . Similarly, analysis of the medial prefrontal cortex in incipient AD revealed upregulation of genes associated with synaptic function, energy metabolism and protein homeostasis in the very early "presymptomatic" stage of AD, in association with increasing Braak pathology (Bossers, et al., 2010) . Further, in synaptoneurosomes derived from prefrontal cortex of incipient AD, increased gene and protein expression was found for multiple neuroplasticity genes, notably those involved in vesicle mediated transport, synaptic transmission, and intracellular transport (Williams, et al., 2009) , similar to our findings in the 4 cortical regions assessed. Importantly, many of the same genes reported to be upregulated in synaptosomes derived from prefrontal cortex (of incipient AD) were similarly upregulated in the prefrontal cortex (SFG) in our MCI cases, including glutamate receptors (GRIA2/GluR2), GABA receptors (GABBR2, GABRA1), neurexins (NRXN1, NRXN2), RABS (RAB14, RAB15), GAP43, HTR2a, and synaptotagmin 11, among others (Williams, et al., 2009) . In parallel, molecular analysis of transgenic mouse models of AD have revealed increased density of presynaptic boutons during early stages of the amyloid pathology ,Hu, et al., 2003 , and aberrant excitatory neuronal activity and compensatory remodeling of inhibitory hippocampal circuits (Palop, et al., 2007) . This literature strongly supports the concept that the brain undergoes a non-linear trajectory of change in the transition from the cognitively normal condition to cognitively impaired, with the inflection point of the change likely most pronounced in the early stages of MCI.
Some controversy currently exists in the literature regarding the stage of cognitive decline at which pronounced molecular changes occur, and how response patterns compare across brain regions. For example, downregulation of genes related to synaptic function, energy metabolism and protein homeostasis has been reported in the HC in incipient AD (Blalock, et al., 2004) , while analysis of the cingulate cortex and amygdala identified upregulated protein synthesis, but downregulated energy and synaptic vesicle function (Loring, et al., 2001) . Integration of these multiple varying microarray findings into a fully consistent concept is complicated by a number of variables in the published studies. These include that the analyses across human studies target differing brain regions (e.g., multiple cortical regions, hippocampus, entorhinal cortex, cingulate cortex, amygdala, among others), target regional subfields within a brain structure (e.g. hippocampal CA1 containing both grey/ white matter (Colangelo, et al., 2002) , CA1 grey matter vs CA1 white matter (Blalock, et al., 2011) ), or investigate changes at the single cell (laser-captured) level (pyramidal cells of the CA1 (Counts, et al., 2014 ,Ginsberg, et al., 2010 ,Ginsberg, et al., 2000 ). In addition, the variability in findings across studies likely reflects the heterogeneity of clinical MCI as well as the current difficulty in clinically defining the transition between late MCI and early AD, which remains an evolving frontier. Ultimately, continuing studies are needed to elucidate and differentiate the varying underlying mechanisms across the spectrum of MCI and incipient AD.
Finally, there are a number of additional variables to consider that are not addressed in this analysis, which are known to affect AD risk and disease progression and that likely contribute to gene expression changes in MCI and AD. For example, aging, MCI, and AD are accompanied by region-specific synaptic loss and remodeling along with neuronal loss in later stages of AD ( Morrison and Baxter, 2012) , which may factor into the gene expression changes in MCI and AD. Other factors include genotype, such as ApoE4 status (the strongest currently-known genetic risk factor for late-onset AD (Corder, et al., 1993 ,Genin, et al., 2011 , pathological features such as beta amyloid accumulation and polymerization state, and tau pathology, among others. Recent evidence demonstrates that ApoE status affects even normal brain function (Filippini, et al., 2011) , and that the ApoE4 genotype accelerates onset of age-related and disease-related changes (Liu, et al., 2013) , including augmented pathology accumulation in AD, and even the capacity to generate glutamate from glutamine (Dumanis, et al., 2013) . Moreover, ApoE4 carriers show a greater extent of immune/inflammation-related gene responses in the brain in aging and AD (Cribbs, et al., 2012) . It is possible that the presence of ApoE4 may similarly exacerbate/ accelerate the disease-related changes in energy, synaptic, and protein-related genes that we observe here for MCI and AD. Other genetic factors likely also come into play, including polymorphisms in AD risk factor genes recently identified in genome-wide association studies (2013) and genetic differences due to ethnicities (Li, et al., 2010) . While the effects of these variables on gene expression profiles could not be addressed using the current dataset, they are important considerations for future studies exploring gene expression changes in MCI and AD, as well as in normal aging.
Despite the above-mentioned caveats, our study reveals that that the MCI brain undergoes vast molecular reprogramming, with gene expression signatures undergoing a non-linear progression in the transitions to MCI and AD. Taken together with the current literature, our data reveal that the MCI brain undergoes vast molecular reprogramming, and lend support to the emerging concept that, during the very early stages of cognitive decline, mechanisms are engaged in the brain that increase synaptic activity and plasticity, particularly in the presymptomatic and prodromal stages of AD, and that these mechanisms are likely not beneficial to cognitive function (Bossers, et al., 2010 ,Williams, et al., 2009 . These data and the literature suggest that therapeutic approaches aimed at reducing excitability and plasticity, and potentially increasing synaptic stabilization, may be particularly beneficial for improving cognition in MCI, an approach adopted in recent promising clinical trials (Bakker, et al., 2012) .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Hierarchical cluster analysis of region-specific expression was used to visualize the relationship between MCI (black), aged control (green), and AD cases (red) in the entorhinal cortex (EC), hippocampus (HC), superior frontal gyrus (SFG) and post-central gyrus (PCG). In each brain region, MCI cases were closely clustered, constituting a unique branch of the hierarchical tree that was distinctly separate from both aged and AD samples. Interestingly, one MCI case (#102, see supplemental table 1 for case details) was consistently an exception in the SFG, PCG and EC where it tended to cluster most closely with AD cases in the EC and PCG, while clustering with aged controls in the SFG. Other than case #102, no single MCI case was repeatedly an outlier across multiple brain regions, although there was one additional MCI outlier in the EC (case #41), which clustered with a moderate AD case (case #05). Schematization of the general gene expression patterns across aged controls, MCI, and AD. The microarray data demonstrate that gene expression patterns in MCI do not follow a continuum of change between aged and AD profiles. The solid line represents genes that are upregulated in MCI vs. age-matched controls followed by downregulation in AD, while the dashed line represents the opposite pattern. Many genes for mitochondrial electron transport and synaptic genes show altered expression in MCI, with predominant upregulation in MCI relative to aged controls (A) and relative to AD (C). In contrast, gene expression changes in AD are predominantly downregulated relative to age-matched controls (C). Electron-transport genes (A-C), Synaptic genes (D-F). The lists of mitochondrial bioenergetic genes (142 probesets) and synaptic genes (561 probesets) were each analyzed with a statistical threshold of p≤ 0.01. Mapping genes to the electron transport chain GenMAPP pathway demonstrates the extent of expression change in mitochondrial complexes I-V genes in MCI and AD relative to agematched controls. In MCI, genes are predominantly upregulated (green) across complex I-V, with the greatest extent of response observed in the neocortical regions (superior frontal gyrus, SFG; post-central gyrus, PCG). In contrast to the response in MCI, genes in mitochondrial complexes I-V subunits are extensively downregulated (red) in the AD brain, most notably in the hippocampus (HC). Each box represents a gene. Complex I: NADHubiquinone oxidoreductase, Complex II: Succinate-ubiquinone oxidoreductase, Complex III: ubiquinol-cytochrome C reductase, complex IV: cytochrome C oxidase, complex V: ATP synthase. Each box represents a gene. Increased relative expression is indicated in green and decreased expression in red. Correlation analysis reveals strong positive relationship in MCI between MMSE and expression of several abundant myelin-related genes. These include A) myelin basic protein (MBP), B) proteolipid protein 1 (PLP1), multiple probesets for 2′3′-cyclic nucleotide 3′ phosphodiesterase (CNP), an abundant CNS myelin protein involved in the very rapid growth of myelin membrane during early membrane biogenesis, and multiple probesets for myelin oligodendrocyte glycoprotein (MOG) one of a family of myelin associated inhibitors (MAIs), that potently limit activity and experience-dependent plasticity in the intact, adult CNS. Statistical threshold for correlations was set at p<0.05. Correlations analysis reveals altered GABA function in the limbic region in MCI. Expression of several genes involved in GABA signaling showed strong relationships with MMSE in MCI, including several GABA receptor subtypes such as (A) GABA receptor beta 1 (GABARB1) and (B) GABA receptor beta 3 (GABARB3) as well as synapsin II (SYN2), which promotes GABA asynchronous release. The strong correlations between MMSE and expression of specific components regulating GABA signaling suggest that there is altered excitability and plasticity in limbic regions in MCI. Statistical threshold for correlations was set at p<0.05.
